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ABSTRACT
The de-carbonization of the transport sector is a particularly complex challenge as greenhouse gases 
are delocalized and diffused. Therefore, the problem has to be tackled from the source of the emissions, 
and efforts in the scientific and technological field must seek out new energy vectors of high density, 
neutral in CO2 and based on renewable energy that meet the sector demands and requisites. This could 
be the case of the synthetic natural gas which can be produced through the Power to Gas process (PtG). 
This process, originally developed by the German institutes ZSW and IWES, converts electricity into 
synthetic natural gas (SNG) via the methanation of CO2 together with H2 from water electrolysis. 
The energy content of the produced methane comes from the primary source for power generation 
(optimally renewable electricity) and it is possible to produce a CO2 neutral fuel by capturing the car-
bon emissions from an existing source. In addition, the PtG process can be seen as a new concept of 
renewable energy and CO2 hybrid storage. This paper identifies the possibilities that the Power to Gas 
technology offers for the production of sustainable methane and the existing potential for the symbiosis 
of industrial sectors through optimization of their waste streams of matter and energy. In particular 
power and transport sectors are considered and the outline of a small facility for the generation of 
synthetic natural gas from renewable electricity and its consumption in the vehicles of a road freight 
company is presented as a case study. Not only the technical feasibility but the economic viability of 
the process and the environmental improvements resulting from the use of a renewable fuel free of CO2 
emissions in terms of carbon footprint are evaluated.
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1 INTRODUCTION
In order to improve the security of the European energy supply and reduce the emissions of 
greenhouse gases (GHG), the European Union (EU) set in 2001 the objective of replacing 
20% of conventional fuels by 2020 through the introduction of liquid biofuels in the short 
term, natural gas (NG) in the medium and long term and hydrogen in the distant long term [1]. 
In addition, it was expected that biofuels shared at least 6% of the fuels used in road transport 
in 2010. However, biofuels only shared 4.4% by 2010 [2], which was mainly the result of 
socioeconomic problems generated in Europe and in developing countries by the production 
of feedstocks, such as an increase in food prices and land use competition [3]. For that reason, 
the European Commission (2013) recommended different alternative fuels based on the matu-
rity of the technologies for each application, such as electricity, compressed natural gas (CNG) 
and hydrogen, for urban use vehicles and liquefied natural gas (LNG) for long-haul transport.
It is broadly agreed that electric vehicles powered by renewable energy vectors (battery 
electric vehicles (BEVs) for renewable electricity or fuel cell electric vehicles (FCEVs) for 
renewable hydrogen) can help EU towards a more sustainable transport system and meeting 
its goal to reduce greenhouse gas emissions by 80–95% by 2050 [4]. However, larger num-
bers of electric vehicles will not be enough for the shift to a low-carbon economy and in the 
short and medium term, it is clear that Europe will still have to rely on conventional internal 
combustion engine vehicles (ICEVs), while new and cleaner technologies develop.
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In the meanwhile, the natural gas can play a bridging role as it can be used both in spark-ig-
nition and in compression-ignition engines [5]. NG has been widely and profitably applied in 
compressed form in many countries mainly in urban vehicles. CNG has only been popular in 
light-duty vehicles due to the low energy density of gaseous NG, which gives low autonomy, 
whereas by storing NG in liquid form vehicles can increase their autonomy by up to 1100 km 
[6]. Recent studies suggested that LNG use in heavy duty vehicles (HDV) has the potential to 
reduce environmental impacts and noise in cities, in addition to the maturity of the technology, 
energy resource availability and clear interest of the EU in supporting the LNG adoption [7].
The use of NG in vehicles is encouraged by the benefits of reducing local air pollution, 
resources availability, the existence of distribution infrastructure and relatively lower prices 
than petroleum fuels [8].
Regarding the GHG emissions, the use of CNG in light vehicles reaches up to the 25% 
reduction in CO2 equivalent emissions in its lifecycle comparing to those fed by gasoline. Fed 
with LNG trucks can achieve low emissions without excessive and expensive emission con-
trol equipment as required by diesel engines. The process of production of LNG requires 
natural gas first dried and then submitted to the removal of hydrocarbons, sulphur and CO2, 
what gets a high-purity methane (98%); therefore LNG vehicles produce even lower quanti-
ties of polluting emissions than CNG vehicles [9]. This decrease is even greater when 
compared with diesel vehicles: 80% less carbon monoxide, 70% less NOx and 45% less 
unburned hydrocarbons (HC). With respect to diesel, total of CO2 equivalent GHG emissions 
reduction is a 15–18%, while solid particles (compared to diesel fuel with low sulphur con-
tent), it is more than 97% [10].
Finally, the use of NG in road transport presents as an added bonus considerable economic 
savings, because of the lower price of natural gas when in general compared to diesel. For 
instance, in Spain, savings between 21% and 34% per travelled kilometre have been esti-
mated for intercity road freight transport meaning that the extra investment for the natural gas 
technology investments can be amortized over the course of one year [11].
Despite the technical feasibility of the NG as transport fuel has been widely demonstrated, 
up to date there has been a weak growth of the use of natural gas for road transport. Three 
barriers have been identified: the high cost of vehicles, the low level of consumer acceptance 
and the scarcity of refueling stations. The clean fuel strategy launched by the European Com-
mission [2] and the 2014/94/EU Directive [12] are aimed to encourage the use of alternative 
fuels by means of the installation of a network of refuelling station through Europe.
But even though the full integration of the natural gas in road transport would lead to a 
reduction of the environmental impacts of the sector, it would not completely solve its share 
of responsibility to global warming and the depletion of resources. In the medium to-long 
term, natural gas of fossil origin must make way to sustainable fuels.
The generation of synthetic natural gas based on renewable energy and neutral in CO2 
could be the solution.
In the last years, Power to Gas has been proposed as a very promising and versatile technol-
ogy that converts electricity into synthetic natural gas via the methanation of CO2 together 
with H2 from water electrolysis [13,14]. The energy content of the produced methane comes 
from the primary source for power generation (renewable energy in a sustainable scenario) 
and it is possible to produce a fuel which does not increase net GHG emissions into the atmos-
phere if the required CO2 is captured from an existing source [15, 16].
The process was originally developed by the German institutes ZSW (Zentrum für 
Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg), and IWES (Fraunhofer 
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Institute for Wind Energy and Energy System Technology) and there are currently 30 demon-
strating plants in Europe [17].
In practice, both existing and projected PtG facilities integrate electrolyser with a wind or 
photovoltaic installation, but PtG may be used to store surplus or curtailed electricity whilst 
converting to a gas vector [18]. In any case, this technology would allow the connection between 
electric and gas network thus increasing the flexibility of the energy supply system [19].
Although this would be also true as for the hydrogen production [20], distribution and use 
of methane is far more readily available than hydrogen based on the current infrastructure.
Economic related barriers such as the large required investments could be overcome if the 
PtG process is seeing as a new concept of renewable energy and CO2 hybrid storage. Symbi-
osis of industrial sectors through optimization of their waste streams of matter and energy 
could increase the global efficiency, improve the resource use, and reduce the investment on 
new equipment. Some of the synergies of these hybrid systems are already being tested under 
real conditions (e.g. PtG-Amine scrubbing, PtG-wastewater treatment) while others have 
been studied through numerical simulations for instance PtG-oxyfuel combustion or 
PtG-Electrochemical hybridization [21].
According the German Federal Ministry of Transport and Digital Infrastructure [22] the 
development of business models as a step of preparing the markets and synergy with other 
energy sectors is one of the priority fields of action for the deployment of the PtG in the 
transport sector.
This paper identifies the possibilities that PtG technology offers for the production of sustain-
able methane and the existing potential for the symbiosis of the power and the transport 
sector.
A small facility for the in-situ generation of synthetic natural gas from renewable electricity 
and CO2 from transport emissions then consumed in the vehicles of a road freight company 
is used as base case to assess the economic viability of the gas from different electricity 
origins and at different production scales. In addition, the GHG reduction that could be 
achieved by the use of synthetic methane as a substitute for diesel transport fuel is 
assessed.
2 CASE STUDY
The PtG process is conceptually explained as follows: renewable electricity is converted to 
fuel gas by means of electrolysis, storing electrical energy in form of hydrogen. Oxygen is 
also obtained as by-product from the electrolyser. Then, the generated hydrogen is combined 
with carbon dioxide to produce methane through the Sabatier reaction:
 CO H CH H O H kJ molK2 2 4 2 2984 2 165+ ↔ + = − /∆  (1)
Many studies consider the use of surplus or curtailed renewable power [14] from existing 
installations and the total H2 produced is modelled based on the obtainable electricity [23].
The availability of a suitable source of CO2 can be considered as the main limiting factor 
for promoting PtG, since it reduces the possible geographic sites for a wide deployment of 
this technology [24]. Biogas plants, waste managers, energy intensive industries and power 
plants are the largest CO2 sources and the most interesting partners for integration with PtG 
[25]. In the transport sector, carbon capture and storage (CCS) into light vehicles has been 
also focused. Post-combustion-capture technologies has been identified as the most easily 
adapted for use with the existing fleet of internal combustion engines [26].
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The case under study is based on an isolated installation for the production of renewable 
and neutral synthetic natural gas in the headquarters of a road freight transport company in 
Spain.
As shown in Fig. 1, the installation consists of an electrolytic hydrogen production plant 
and a TREMP methanation plant where hydrogen and CO2 react to produce synthetic meth-
ane. In the present study, an isolated PV installation is included in order to assure the 
renewable origin of the electricity that is consumed in the electrolyser.
Even though CO2 could be provided by other sources, it would be more difficult to demon-
strate the neutrality in terms of GHG which is one of the goals for this study. Then it is 
considered that CO2 derives from the exhausted gases of the vehicles properly separated.
Finally, the produced gas is supposed to be consumed by the company’s own vehicles that 
operate currently with fossil natural gas.
Considering Sabatier reaction and combustion reaction for the methane:
 CH O CO H O4 2 2 22 2+ → +  (1)
the volume of CO2 emitted is equal to the volume previously fixed during the methanation 
process.
Figure 2: Schematic of the hydrogen plant.
Figure 1: Scheme of the installation for SNG production.
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3 METHODOLOGY AND RESULTS
The first step is analysing the activity and the fleet owned by the company in order to estimate 
the amount of natural gas needed to a reliable and stable delivery over time. The natural gas 
consumption determines the hydrogen and CO2 demand as according the Sabatier reaction, 
four times of H2 and one times of CO2 in volume are required for the production of one vol-
ume of CH4.
The annual consumption of SNG is estimated considering the technical specifications of 
the natural gas fuelled vehicles that are owned by the company. One of these vehicles con-
sumes 4.3 kg of CNG per 100 km. Considering a 1.3 correction factor (for efficiency losses 
due to the CCS system), 200 km distance travelled daily and 260 labour days, the vehicle 
would consume 2900 kg of synthetic natural gas per year or 11.18 kg per day. It is assumed 
that natural gas is fuelled to the vehicle from 6 to 8 AM.
The second step is studying the viability of the hydrogen plant in the considered location 
which requires optimizing the size and number of the system components. As shown in Fig. 2, 
the size of the PV system, electrolyser and hydrogen storage tank must be determined in this 
case to ensure that the plant is able to meet the required hydrogen load at the lowest possible 
cost. The optimization software used for this work is the Hybrid Optimization Model for Elec-
tric Renewables (HOMER) from the National Renewable Energy Laboratory (NREL), which 
was freely available at the moment of the estimations. HOMER is a tool that implements com-
parative economic analyses on distributed generation power systems. Inputs to HOMER 
include load data, renewable resource data, system component specifications and costs, and 
various optimization parameters. HOMER performs an hourly simulation of every possible 
combination of components entered and ranks the systems according to user-specified criteria, 
such as cost of energy or capital costs.
To obtain the input data for HOMER, information of the hydrogen plant components was 
collected from research literature and manufacturers to obtain an estimation of hydrogen 
system costs and efficiencies. Also collected are the load and resource time series data and 
information necessary to model the systems.
The operating principle is to use a PV system to directly supply the electrolyser that meet 
the hydrogen load. When excess PV energy is available, the generated hydrogen is stored in 
a tank.
Hydrogen load data were estimated considering the SNG consumption and the conversion 
rates according the Sabatier reaction. A production of around 1454 kg of hydrogen per year or 
5.59 kg per day is needed. It is assumed that hydrogen plant is operated from 7 AM to 3 PM.
Solar radiation and clearness data for the installation site were for GMT Time Zone. The 
annual average global radiation is 5.507 kWh/m2/day and the annual average clearness index 
is 0.573.
This scenario was modelled with PV panels fixed at a slope of 30° and lifetimes were 
assumed to be 20 years.
In HOMER, a solution is a particular hybrid system configuration. As HOMER searches 
for the optimal hybrid system design, it typically evaluates a high number of solutions. 
HOMER performs an hourly time series simulation of every solution and eliminates solu-
tions that cannot meet the required load. For the case under study, HOMER examined the 
1080 solutions possible by combining components.
The least-cost technically viable solution consists in a PV installation of 100 kW, one elec-
trolyser of 50 kW and compressed gas storage with 100 kg of capacity. Next Table 1  summarized 
the main costs of the hydrogen installation.
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With a total electrolyser production of 1434 kg of hydrogen per year, the levelised cost of 
hydrogen is 60.9 $/kg.
Regarding the availability of CO2 it is considered the use of those emitted by the vehicle 
that is around 8000 kg per year.
Onshore capture methods with amines have been tested only for their use in ships, includ-
ing compression process for convenient and efficient transportation and storage. However, if 
compression methods are applied on engines mechanically, then serious problems arise, such 
as power penalties, space requirements for storage, and safety issues.
Several author have set that the energy consumption required to attain concentrated CO2 
streams leads to efficiency penalties that range between 9 and 12 efficiency points, and the 
associated costs may vary from 50 to 90 $/tCO2, depending on CO2 concentration in flue gas 
and capture technology [27]. The higher limit has been considered for economic considera-
tions in this paper.
Methanation costs of 10 $/kg and 1.01 $/t for gas compression are considered [28].
The cost of producing 1 kg of SNG in the proposed installation is calculated as 40.4 $ that 
is twice as high as the market price for fossil natural gas.
Regarding CO2 emissions, the EU Renewable Energy Directive of 2009 states that biofuel 
emissions are calculated as zero due to balancing the amount of carbon released with an 
equivalent amount sequestered, therefore such emissions were not considered. Then, the 
environmental benefits considered in this paper are the GHG emissions (in carbon dioxide 
equivalent, CO2eq) saved when the total CH4 produced is used to replace diesel fuel.
Lifecycle assessment results from literature were collected in order to determine GHG 
emissions in replacing diesel with renewable gas. The “Well to Wheel” life cycle assessment 
includes emissions associated with fuel production, processing, transportation, distribution 
and consumption.
The total CO2eq saved when the total CH4 produced is used to replace diesel fuel is calcu-
lated as substituted fuel in MJ multiplied by the emission factor in kgCO2eq/MJ. Considering 
an emission factor of 2.61 kgCO2eq/MJ, each vehicle saves around 10 tons of CO2 per year.
Although this paper proposes the integration of renewable energy systems for both trans-
port and decentralized production of fuels as a way to achieve security of supply, fuel costs 
are quite high but within the limits if R&D is still continuing.
4 CONCLUSIONS
This paper has approached the combination of renewable electricity and CO2 sourced from 
transport emissions in order to provide a source of renewable transport fuel.
The existing potential for the integration of sectors such as energy and transport through 
optimization of their flows of matter and energy (industrial symbiosis) has been 
demonstrated.
The obtained results may open new prospects for the development of infrastructure of 
supply and storage and production distributed synthetic natural gas as alternative fuel, 
enhancing its availability and promoting their full integration in the transport sector.
Table 1: Cost for the hydrogen production plant.
Initial capital Operating cost ($/yr) Total NPC
$ 544 206 45 982 $ 1 132 015
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In order to reduce the current costs, the search for innovative solutions that allow adapting 
the transport infrastructures to the efficient use of alternative energy in order to reduce 
exploitation costs must be pursued.
ABBREVIATIONS
BEVs: battery electric vehicles, CCS: carbon capture and storage, CNG: compressed natural 
gas, CO2eq: carbon dioxide equivalent, EU: European Union, FCEVs: fuel cell electric vehi-
cles, GHG: greenhouse gases, HC: hydrocarbons, HDV: heavy duty vehicles, IWES: 
Fraunhofer Institute for Wind Energy and Energy System Technology, LNG: liquefied natu-
ral gas, NG: natural gas, PtG: Power to Gas, SNG: synthetic natural gas, ZSW: Zentrum für 
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